Ion chromatography is a rapid, sensitive, precise, and accurate method for the determination of major anions in rain water and surface waters. Simultaneous analyses of a single sample for bromide, chloride, fluoride, nitrate, nitrite, orthophosphate, and sulfate require approximately 20 minutes tD obtain a chromatogram.
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INTRODUCTION
Ion chromatography has been used since the early 1940's for separation of both organic and inorganic species. Analysis was relatively easy when the ion being eluted from an ion-exchange column had a directly measurable property, such as absorption in the ultraviolet or visible region of the spectrum, that could be distinguished from the background. Specificconductance measurements were also used, but high background conductance of the electrolyte (eluent) usually overwhelmed the conductance of eluting ions. Small, Stevens, and Bauman, 1975 , solved this detection problem by adding a suppressor column downstream from the separator column that suppressed or neutralized ions of the background electrolyte.
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Ion chromatography is an extremely useful tool for anion determination in atmospheric precipitation and natural waters because detection limits for many of the anions are lower than by other techniques. Also several anions are determined sequentially on a small aliquot of filtered sample. One to two milliliters of sample is injected into the ion chromatograph, and 200 e uL or other designated volume is loaded onto the column. The method described is suitable for determining dissolved bromide, chloride, fluoride, nitrate, nitrite, orthophosphate, and sulfate.
ANALYTICAL METHOD

Application
Ion chromatography may be used for determination of dissolved fluoride, chloride, nitrite, orthophosphate, bromide, nitrate, and sulfate in atmospheric precipitation and natural waters. Table 1 specifies upper and lower concentration limits. Samples containing anion concentrations greater than the upper concentration limit must be diluted before analysis because the analytical curve becomes nonlinear. 
Summary of method
All seven anions are determined on a single filtered and unacidified sample with an ion chromatograph.
In anion analysis the ions of interest elute through an anion-ion exchange separator column at different rates, depending upon the affinity of each with the ion-exchange resin. On entering a suppressor column, the eluting base, for example, NaOH, is removed by the acid resin:
Resin H + + Na + OH resin Na + + H2O, and the analyte anions (A-) are converted to their acids:
Resin H+ + M+A---0-resin M+ + H+A-, which pass through the suppressor column and into a flow-through conductivity cell where they are detected. A system for anion analysis is shown in figure 1 , which includes an eluent reservoir, pump, sample injection device, separator, and suppressor columns followed by a flow-through conductivity cell, meter, and recorder, and (or) integrator.
In the HCO 3 -0O 3 system described in figure 1 , the suppressor reactions are as follows:
2 Na+ + CO 3 -2 + 2(Resin H+)---2(Resin Nat) + H 2 CO 3' Na + + HCO 3 + Resin H + -*Resin Na + + H 2 CO 3'
Resin H+ + NaF -0-Resin Na+ + H+F.
A typical chromatogram for these seven anions is shown in figure 2.
Interferences
3.1 Depression of the baseline is a common problem in anion determinations. A small sharp dip prior to the fluoride peak is the void volume indication of the columns; however, this dip will not affect fluoride results.
3.2 A second broader depression is a "water dip" just before the chloride peak. The water dip may be the result of eluent dilution, elution of low concentration levels of hydroxide ion, or pure water. Dip interference is negligible when determining milligram per liter levels of fluoride and chloride. 3.3 Samples containing high concentrations of chloride or other ions may cause unresolved peaks. For example, the peak for 0.1 mg of bromide per liter in the presence of greater than 1,000 mg of chloride per liter is swamped by the chloride peak. Bromide begins to elute before the chloride peak completely returns to the baseline. Bromide standard solution I, 1.00 mL = 1.00 mg Br: Dissolve 1.2877 g NaBr in demineralized water and dilute to 1,000 mL. 5.1.2 Bromide standard solution II, 1.00 mL = 0.10 mg Br: Dilute 100 mL bromide standard solution I to 1,000 mL with demineralized water. 5.1.3 Bromide standard solution III, 1.00 mL = 0.01 mg Br: Dilute 100 mL bromide standard solution II to 1,000 mL with demineralized water. 5.1.4 Chloride standard solution I, 1.00 mL = 1.00 mg Cl: Dissolve 1.6484 g NaCI in demineralized water and dilute to 1,000 mL. 5.1.5 Chloride standard solution II, 1.00 mL = 0.10 mg CI: Dilute 100 mL chloride standard solution I to 1,000 mL with demineralized water.
1 / "The use of the brand name in this report is for identification purposes only and does not imply endorsement by the U.S. Geological Survey." 6 5.1.6 Chloride standard solution III,1.00 mL = 0.01 mg Cl: Dilute 100 mL chloride standard solution II to 1,000 mL with demineralized water. 5.1.7 Fluoride standard solution I, 1.00 mL = 1.00 mg F: Dissolve 2.2100 g NaF in demineralized water and dilute to 1,000 mL. 5.1.8 Fluoride standard solution II, 1.00 mL = 0.10 mg F: Dilute 100 mL fluoride standard solution I to 1,000 mL with demineralized water. 5.1.9 Fluoride standard solution III, 1.00 mL = 0.01 mg F: Dilute 100 mL fluoride standard solution II to 1,000 mL with demineralized water.
5.1.10 Nitrate-nitrogen standard solution I, 1.00 mL = 1.00 mg -N. Dissolve 6.0714 g NaNO3 in demineralized water and dilute to 1,000 NO3 • mL.
5.1.11 Nitrate-nitrogen standard solution II, 1.00 mL = 0.10 mg NO 3. -N: Dilute 100 mL nitrate-nitrogen standard solution I to 1,000 mL with demineralized water.
5.1.12 Nitrate-nitrogen standard solution III, 1.00 mL = 0.01 mg NO3-N: -N. Dilute 100 mL nitrate-nitrogen standard solution II to 1,000 mL with demineralized water.
5.1.13 Nitrite-nitrogen standard solution I, 1.00 mL = 1.00 mg -N. Dissolve 4.9286 g NaNO2 in demineralized water and dilute to 1,000 NO2 • mL.
5.1.14 Nitrite-nitrogen standard solution II, 1.00 mL = 0.10 mg NO2.-• N. Dilute 100 mL nitrite-nitrogen standard solution I to 1,000 mL with demineralized water. 5.1.15 Nitrite-nitrogen standard solution III, 1.00 mL = 0.01 mg NO 2 -N. Dilute 100 mL nitrite-nitrogen standard solution II to 1,000 mL with • demineralized water.
5.1.16 Phosphorus standard solution I, 1.00 mL = 1.00 mg P: Dissolve 4.5806 g anhydrous Na2HPO4 in demineralized water and dilute to 1,000 mL.
5.1.17 Phosphorus standard solution II, 1.00 mL = 0.10 mg P: Dilute 100 mL phosphorus standard solution I to 1,000 mL with demineralized water. 5.1.18 Phosphorus standard solution III, 1.00 mL = 0.01 mg P: Dilute 100 mL phosphorus standard solution II to 1,000 mL with demineralized water. 7 5.1.19 Sulfate standard solution I, 1.00 mL = 1.00 mg SO4: Dissolve 1.8142 g K2SO4 in demineralized water and dilute to 1,000 mL. 5.1.20 Sulfate standard solution II, 1.00 mL = 0.10 mg 504: Dilute 100 mL sulfate standard solution I to 1,000 mL with demineralized water. 5.1.21 Sulfate standard solution III, 1.00 mL = 0.01 mg SOL,: Dilute 100 mL sulfate standard solution II to 1,000 mL with demineralized water.
5.2 Eluent, 0.003M NaHC01/0.002M Na.)C01(NOTE 1): Dissolve 1.008 g NaHCO 3 and 0.848 g Na 2 CO 3 in demineralized wader and dilute to 4 L. NOTE 1. Eluent concentration may be varied slightly to obtain same retention times for each anion when a new separator column is used. 6. Procedure 6.1 Set up instrument with operating parameters described under apparatus. Elute columns with 0.003M Na2CO3/0.002M NaiCO3 until baseline stabilizes (NOTE 2). Allow approximately 30 min for equilibration and begin analysis. NOTE 2. Baseline will drift if room temperature fluctuates.
6.2 For mixed standard solutions I, II, and III set full-scale setting at 10 ,umho. For mixed standard solutions III, IV, and V set full-scale setting at 30 ,umho. For mixed standard solutions IV, V, VI set full-scale setting at 100 ,umho (for P and SO 4 use 30 umho).
6.3 Inject 2 mL of each mixed standard solution (I thru V) and record peak heights of each of the seven anions at specified scale setting given (NOTE 2). The retention time of each anion is shown in table 2. 9 NOTE 3. The analytical curves for each of these anions are reproducible; therefore, the five mixed standard solutions are analyzed only once a week. Analyze only one mixed standard solution each day prior to analysis of samples.
6.4 Inject approximately 2 mL of each sample solution and record peak heights of each anion found.
6.5 Regenerate the suppressor column at the end of 8 to 10 h of operation.
7. Calculation 7.1 Prepare the two analytical curves by plotting the heights of each standard peak versus its respective anion concentration.
7.2 Identify each anion in each sample by comparison of retention times with those of standard solutions.
7.3 Compute the concentration of each anion in each sample by comparing its peak-height to the analytical curve.
DISCUSSION OF RESULTS
Retention times
Retention time of each anion shown previously in table 2 will vary slightly from one separator column to another. Eluent concentration may be varied slightly to obtain same retention times for each anion when a new separator column is used. Until there is a loss in resolution, which is an indication of a spent column, retention times will not vary. During this study, the separator column was replaced after about one year of continuous operation because of poor resolution between bromide and nitrate.
Precision
A number of U.S. Geological Survey Standard Reference Water Samples (SRWS) and rainfall samples were used to determine the precision of the ion chromatography technique. Table 3 shows precision data for fluoride, chloride, nitrate-nitrogen, and sulfate on five precipitation samples, using ion chromatography. Ten replicate analyses were performed on each sample over a period of several days. Percent relative standard deviation for fluoride is high, averaging about 19 percent, but is attributed to the low concentration of fluoride in these precipitation samples, as well as others. Precision for chloride, nitrate-nitrogen, and sulfate is good for the concentrations encountered in these samples. Additional data on precision were obtained on Recovery by ion chromatography -To further determine the accuracy of results obtained by ion chromatography, 10 precipitation samples and 10 surface-water samples were spiked with known concentrations of fluoride, chloride, nitrate, and sulfate. These results are shown in tables 5 and 6, respectively. Recoveries for fluoride, chloride, and sulfate on precipitation samples, which are shown in table 5, ranged from 96 to 103 percent, and for nitrate from 96 to 102 percent. Recoveries for fluoride, chloride, and sulfate on surface waters, which are shown in table 6, ranged from 97 to 103 percent, and for nitrate from 96 to 103 percent. Bromide was not found in any of the above samples; however,, several ground-water samples, containing bromide, were spiked and recoveries ranged from 93 to 103 percent (table 7) . Additional indication of accuracy is shown in the analysis of spiked samples which is described in a subsequent section. Comparison of methods -To determine the accuracy of the ion chromatographic technique, a number of precipitation and surface waters analyzed by ion chromatography were also analyzed by other techniques. These methods are as follows:
Chloride: Automated colorimetric ferric thiocyanate; Nitrate: Automated colorimetric cadmium reduction-diazotization; Fluoride: Automated electrometric ion-selective electrode; Nitrite: Automated colorimetric diazotization; Phosphate: Automated colorimetric phosphomolybdate; Sulfate: Automated colorimetric complexometric methylthymol blue.
These methods appear in Techniques of Water-Resources Investigations (TWRI), book 5, chapter Al, "The Determination of Inorganic Substances in Water and Fluvial Sediment" (Skougstad and others, 1979) .
Results on precipitation waters for fluoride, chloride, nitrate, and sulfate are shown in table 8. The concentrations of fluoride ranged from 0.01 to 0.10 mg/L, and therefore were too low to be detected by the ion-selective electrode method. Chloride concentrations in precipitation samples were extremely low, and there is bias. Results by ion chromatography are greater than those by the automated colorimetric method; however, in most instances, results are greater by only 0.1 mg/L, which is usually not significant. The correlation coefficient between methods is 0.977. No bias occurs in results for nitrate in the precipitation samples; the correlation coefficient is 0.977. Sulfate results show a positive bias by ion chromatography; however, the method is more sensitive than by automated colorimetry. Even with this bias, the correlation coefficient is 0.997. At 13 mg/L, the percent relative standard deviation for the automated colorimetric method is 13 as reported by Skougstad and others, 1979 . In tables 3 and 4, the percent relative standard deviation for sulfate by ion chromatography ranged from 0.7 to 5.3 over a concentration range of 1.68 to 146 mg/L. It appears that ion chromatography gives better results at sulfate levels below 10 mg/L. Table 9 shows a comparison of results on surface waters for the same constituents, and also includes orthophosphate, at higher levels than those found in precipitation waters. Again a positive bias occurs for chloride; however, the correlation is good (0.995). For sulfate, the bias is reversed from results found in the precipitation samples. The correlation is not quite as good (0.978); however, results for most samples compare favorably. It will be pointed out later that chloride and sulfate recovery on spiked samples is superior by ion chromatography. Only 13 of the samples contained orthophosphate; although a negative bias occurs, results are in good agreement, with a correlation of 0.995. No bias occurs for nitrate, and the correlation coefficient is 0.996. The correlation of fluoride results using ion chromatography vs. an automated ion-selective electrode method appears to be poor (0.848). It must be pointed out, however, that results by ion-selective electrode are reported only to one significant figure, as specified in the reporting procedure. The ion chromatographic technique is more sensitive, and it is possible to report results to the nearest 0.01 mg/L. Table 10 gives results for nitrite on a few surface water samples by both ion-chromatographic and automated-colorimetric methods. The concentrations of nitrite found were low, but results compared favorably, even though results by ion chromatography were obtained on a different day than results obtained by the colorimetric method. No samples available at the time of this study contained higher levels of nitrite.
Because of the limited volume of water, no comparison was made for bromide. The conventional titrimetric, hypochlorite oxidation method (Skougstad and others, 1979) for bromide requires a comparatively large sample volume, which was not available.
Comparison of methods (recovery) -Ten surface-water samples were analyzed for fluoride, chloride, nitrate, and sulfate by techniques previously discussed. These samples were then spiked with known concentrations of the above-mentioned anions. Data obtained are shown in Table 12 presents comparison and recovery data for orthophosphate on surface-water samples by both ion chromatographic and automated-colorimetric methods. These samples contained high concentrations of phosphate, and the recovery study was done in two ways. One set was diluted 1:1, and the other set was spiked with similar concentrations of phosphate originally present in samples. Again, the recovery data by automated colorimetry (97-122 percent) showed generally higher values than found by ion chromatography (95-104 percent).
